Abstract The Diode-laser Array Working Group (DAWG) is a national-level consumer/provider forum for discussion of engineering and manufacturing issues which influence the reliability and survivability of high-power broad-area laser diode devices in space, with an emphasis on laser diode arrays (LDAs) for optical pumping of solid-state laser media. The goals of the group are to formulate and validate standardized test and qualification protocols, operational control recommendations, and consensus manufacturing and certification standards. Reliability and lifetime data collected by laser diode manufacturers and the user community are being used to develop standardized guidelines for specifying and qualifying laser diodes for long-duration operation in space. Effective implementation of statistical design techniques at the supplier design, development, and manufacturing levels will aid in reducing product performance variability and improve product reliability for diodes employed in space applications. The ultimate goal is to promote an informed U.S. Government investment and procurement strategy for assuring the availability and durability of space-qualified LDAs.
INTRODUCTION
On March 29, 2003, little more than a month after the commencement of science measurements, the Geoscience Laser Altimeter System (GLAS) instrument [1] aboard the Ice, Cloud, and land Elevation Satellite (ICESat) [2] suffered an anomalous occurrence that resulted in the suspension of mission operations. The U.S. National Aeronautics and Space Administration (NASA) rapidly convened an Independent GLAS Anomaly Review Board (IGARB) to examine this event in detail prior to activation of backup systems on ICESat. The IGARB findings identified the pump laser diode arrays (LDAs) within the laser transmitter subsystem as the source of the anomaly and proceeded to recommend a recovery plan for the ICESat mission [3] .
The IGARB findings were deemed a sufficiently important "lessons learned" resource that NASA undertook to make the information available to designers of technologically similar missions both within NASA and in the broader community of U.S. Government (USG) organizations with a stake in space-based laser instrumentation. In fulfillment of this commitment the NASA Earth Science Technology Office sponsored a joint industry/USG Community Forum on Laser Diode Arrays in Space-Based Applications that was held March 2-3, 2004 in Arlington, Virginia [4] .
The purpose of the Community Forum was twofold. Firstly, to brief the ICESat/GLAS failure to the community at large, and secondly to strengthen dialog between the LDA vendor and user communities concerning technology development requirements for robust long-life diode arrays intended for operation in space. The Forum included both formal 1 presentations and an open discussion during which there was forthright debate between USG and industry delegates concerning the competing needs and approaches of each sector.
This process culminated in the suggestion that NASA establish a working group composed of government, industrial, and academic representatives to continue the dialog. This group, the Diode-laser Array Working Group (DAWG), was formed in July of 2004 and serves to provide a national-level consumer/provider forum for discussion of engineering and manufacturing issues that impact the reliability and survivability of high-power broad-area laser diodes and laser diode arrays in space.
WORKING GROUP GOALS
Demonstrations within the last two decades have shown the utility of laser-based instrumentation in a variety of spacebased applications, such as remote sensing [5] , highbandwidth communications [6] , spacecraft-to-spacecraft metrology [7] , descent/landing guidance/hazard avoidance [8] , and rendezvous/proximity operations [9] . The solidstate laser devices used in these applications are optically pumped by LDAs and unanticipated reliability issues with this component class in particular can severely impact onorbit mission life and mission success.
In order to mitigate these impacts the DAWG reviews lessons learned from past, current and planned activities among the Group members and evaluates current and proposed design and engineering practices as they relate to component reliability.
The ultimate goal of the group is to synthesize and specify baseline environmental requirements that reflect the minimum qualification standards for laser diodes to be used in space flight applications, and also to formulate technology roadmaps to support USG investment and procurement strategies for assuring the quality and enduring availability of space-qualified LDAs.
Recognizing the inherent practical limitations, it is nevertheless the group's desire to also recommend standardized testing protocols for the qualification of laser diodes for space flight and to develop consensus manufacturing, operational environment control, and certification standards for incorporation into contractual vehicles between vendors and the USG. [10, 11] . The LRRP has since become the umbrella program for NASA activities related to DAWG.
Although only NASA facilities and test data deriving from them are considered here, it is planned to incorporate test data originated by manufacturers and other USG programs into the DAWG activity as and when these sources are made available.
NASA TEST PROGRAM
A strategy of testing, redundancy and derating is employed to mitigate the risk of a single point failure in LDA-pumped spaced-based laser systems. Although cost and schedule considerations ultimately dictate the amount of risk reduction that is sustainable, testing even a small number of devices produces statistically significant data that can help predict the performance of the laser.
Within NASA, laser diode test and evaluation programs are currently underway at the Goddard Space Flight Center (GSFC), the Langley Research Center (LaRC), and the Jet Propulsion Laboratory (JPL). Because collaboration with LDA vendors is a key factor in the success of these programs, performance data are shared with the suppliers both directly and through the DAWG consortium to facilitate and campaign for quality product development for application in space systems.
The emphasis of the GSFC program is on 808-nm LDAs for pumping the Nd family of laser hosts [12] , while the LaRC program focuses on 792-nm LDAs operating in the longpulse duration mode required for pumping 2-gm Tm-and/or Ho-based laser materials [13] . The test facility at JPL extends evaluation to single diode formats that address a wide range of wavelengths corresponding to the diverse nature of laser applications at NASA [14, 15] .
NASA GSFC Test Program
The NASA Goddard Space Flight Center has been active in the area of space-based lidar instruments for many years. Recent GSFC satellite missions have used low repetition rate (<100 Hz), Q-switched, diode-pumped, Nd:YAG lasers. Understanding the operational characteristics of the pump LDAs is critical to assessing the readiness and capability of a laser system for space based missions. GSFC has developed state-of-the-art facilities for the test and characterization of diode lasers to quantify reliability of available, commercial off-the-shelf (COTS) parts and address issues with their use in space, focusing on quasi-CW 808-nm LDAs.
LDAs are complex devices with multiple failure mechanisms that are not only dependent on operational conditions, but on the design, manufacture and operational history of the device, so that modeling their reliability is non-trivial. In addition, different failure mechanisms will have different activation conditions and finding accurate acceleration parameters for testing is not straightforward. Furthermore, performance statistics are expensive to acquire due to the cost of the arrays.
The strategy for dealing with these complexities is to compile comprehensive data sets throughout the device life cycle with emphasis on the engineering and physics of failure mechanisms. The LDAs are first fully characterized to establish a baseline for individual array performance and status. Then the diodes are subjected to a form of stress, such as operating them in a defined test (e.g., subjecting them to radiation or long-term testing). The LDAs are then characterized again to observe the effect of the stressor. This procedure is repeated for different stressors on many devices. In this way, we intend to observe the effects that different operational and environmental conditions have on the LDAs. This will enable a set of recommended practices for operation and handling of the diodes to maximize performance and mitigate risk.
The observed performance over time is correlated against the initial observed parameters to formulate a screening criterion, which can then be used to predict device performance. This would then be used to judge the flight readiness of particular devices.
Substantial attention has been given to creating repeatable characterization procedures and instrumentation so that observed changes are accurately attributed to a stress parameter or device performance rather than measurement variability.
A comprehensive set of characterization measurements to evaluate the optical performance, electrical characteristics, and workmanship of the LDAs has been developed. This includes inspecting the package for areas of increased mechanical stress and the monitoring of thermal gradients. The characterization methods are listed in Table 1 . (Details of these measurement techniques and results can be found in reference [12] .) These measurements establish a baseline for each device and are then used both for comparison to the same device at a later time and also against different devices. Using these measurements, failure modes are evaluated and correlated to identify precursors to failure. To date over 230 arrays (>1100 laser bars) from five vendors have been characterized and over 450 device characterizations (including multiple characterizations of a single device) have been completed.
Because of the unique environment of space, GSFC has also developed test facilities, protocols and equipment to quantify the effects of radiation, vibration, vacuum, thermal 3 cycling, power cycling and long-term operation. Details of measurements and instrumentation can be found in reference [16] . The effects of gamma and proton radiation on LDA performance and of vibration up to 20 Grms have also been tested [16] . In addition to the results of these specific device tests, protocols, specialized equipment, and expertise for future testing have been established.
In addition to the development work, the GSFC LDA test activity has also supported several missions and programs (ICESat/GLAS, MESSENGER/MLA, CALIPSO/CALIOP, and LRO/LOLA), as well as participating in a number of instrument development programs so that diode pump performance is considered in the initial design stages. For satellite missions, a strategy of testing, redundancy and derating has been employed to mitigate the risk of a single point failure in LDA-pumped spaced-based laser systems [17] . Cost and schedule dictate the ultimate level of risk reduction, but even testing a small number of devices yields a significant body of data that can help predict the performance of the laser.
The challenge in laser-based active remote sensing is to engineer a solution using available, affordable technology that meets or exceeds the science needs. With informed choice of diode pump technology, targeted testing, and built-in redundancy and derating, it is possible to reduce risk and attain a realistic expectation that the instrument will meet the mission requirements.
Critical parameters for the evaluation of array performance and reliability are measured and long-duration tests to evaluate the performance of the LDAs under various operating conditions have been developed. Key characteristics are also tracked throughout the life of the arrays to identify both failure mechanisms and their precursors. In this way it is hoped to develop evaluation criteria to screen for devices that exhibit a high risk of failure.
A state-of-the-art infrastructure has been developed to measure LDA performance and characteristics in order to gain improved understanding of failure rates, failure mechanisms, and the effects of operating conditions and an array of measurement capabilities has been evolved to address these issues: Optical power, spectra, electrical drive parameters, thermal profiles, and array heating. Research results and facilities are being applied to the design of future NASA missions to mitigate potential risks associated with the deployment of diode-pumped lasers in space.
NASA LaRC Test Program
The focus on long-pulse mode operation of LDAs at NASA LaRC derives from the pumping requirements of 2-gm thulium-and holmium-based lasers. Thulium-and holmium-based lasers are the primary transmitter candidates for a space-based coherent Doppler wind lidar and are being considered for global measurements of carbon dioxide concentration using the DIAL (DIfferential Absorption Lidar) technique. Lidar measurements of atmospheric winds and CO2 concentration are both among the high priority Earth observing missions recommended by the National Research Council [18] .
Operating high-power LDAs in the long-pulse regime around 1 ms, required for 2-gm thulium-and holmiumbased lasers, drastically impacts their useful lifetime due to the excessive localized heating and substantial pulse-topulse thermal cycling of their active regions. Figure 2 provides the measured junction temperature and extent of the thermal cycling of a stacked array of 1 00-W bars running at 1-ms pulse duration compared with 200-ts pulselength operation. For this measurement the array was operated at 50 A, almost half of its rated level, and 12-Hz pulse repetition rate. The increased pulselength from 0.2 to 1.0 ms for this particular array results in about a 3.6-K junction temperature increase and 3 times greater thermal cycling amplitude.
To assess the impact of operation in the long-pulse mode, various types of LDAs from different suppliers are subjected to a series of measurements including basic power and efficiency as a function of applied current, spectral characteristics, thermal properties, and package heat removal efficiency. A subset of these LDAs are then selected for lifetime testing in order to evaluate different commercially available LDAs, determine their lifetime expectancy, and to establish a baseline for improving their lifetime and reliability. The lifetime test facility is currently capable of simultaneous measurement of 16 LDAs ( Figure  3 ) and is planned to be expanded to 32 LDA capacity in the near future. The measurements to date indicate a lifetime of close to two orders of magnitude shorter than reported lifetimes for similar type of arrays operated at 200-s pulselength. In addition to shorter lifetime, the arrays experience a high rate of catastrophic failure when operated in the long-pulse regime. The failure of the laser diode arrays is mainly due to the excessive localized heating and substantial pulse-topulse thermal cycling of their active regions. The concern being addressed by this testing is that vendor reliability data is generally provided at a particular power setting and pulse width. Any changes to these settings, since nearly all missions have different requirements, will change the lifetime of the laser to some unknown value, which in general is a circumstance unacceptable to the typical space mission.
Currently, the JPL test program is assessing the lifetime of commercially available 808-nm lasers. Future testing will examine the effects of different packaging configurations.
DESIGN OF EXPERIMENTS
In discussions concerning how the DAWG should proceed, the group concluded that it would be critically important to implement a designed experiment philosophy. A designed experiment is one that is systematically planned and that goes beyond a typical experiment or test plan by discovering why a given test succeeded or failed. A designed experiment is therefore information oriented rather than success oriented (as a normal test operation under controlled conditions might be construed) and comprises a set of structured, coherent tests that are analyzed holistically.
Designed experiments provide an efficient means for understanding diode performance and lifetime characteristics. When applied in manufacturing settings, this ultimately promotes reduced device-to-device variability, shortened product development cycles, minimized expenditure, and improved asset usage. Effective operational lifetimes (in billions of cycles or in hours) can be determined as a function of input variable settings, carrying simultaneously many covariates such as radiation exposure, vibration and thermal cycling, manufacturer, packaging, etc. These characteristics are too important to be relegated to the standard (somewhat arbitrary) testing techniques that are conventionally employed. The experimental testing plan of necessity must by its nature be statistically designed [20] .
In addition, designed experiments are run to establish predictable performance characteristics with the fewest number of experiments. A simple notional example using two independent variables XI and X2 and a response Y is shown in Table 2 , in which a so-called One Factor at A Time (OFAT) approach is compared to a Central Composite Design (CCD). Table 2 . Sample designed experiment data set comparing the OFAT and CCD a proaches [20] . Ya  78  230  64  90  220  77  90  230  75  150  220  93  120  230  93  90  240  72  150  230  96  150  240  99  162  230  94  120  230  93  120  216  92  120  230  93  120  220  92  78  230  64  120  230  93  162  230  94  120  240  93  120  216  92  120  244  93  120  244  93 The OFAT techniques only search the design space along the two axes whereas the CCD samples much more of the parameter space, allowing the developer to construct a regression equation that better characterizes the response. This is shown pictorially in Figure 4 , in which it is clear that the CCD methodology is less restrictive of the design space and therefore superior to the OFAT option. Usually at least one replicate of each experimental point would be run to better understand the variance of the response as well as the response itself.
WORKING GROUP PRODUCTS
The primary near-term DAWG objective is the generation of a draft requirements document that sets out a group of core test parameters applicable across the widest range of device types. The intent of this document is to provide guidance to laser diode manufacturers concerning the reliability and durability standards that will be expected by USG space programs proposing to use this product class.
The longer range goal of the working group is the consensus formulation of definitive manufacturing environmental control requirements and standardized test protocols that codify minimum qualification standards for diode laser devices intended for spaceflight applications. 6 6. CONCLUSION
We have described the genesis of a cross-sector Diode-laser Array Working Group, the conditions that brought it about, and the activities currently being pursued. The Group's purpose is to assert a more systematic and rationalized approach to the engineering and space qualification of this class of components in order to promote the long-term availability of high-reliability products for insertion into future space missions that are reliant for their operations on solid-state laser technology. 
